Recombinant murine granulocyte macrophage colony-stimulating factor (rGM-CSF) has been produced in Escherichia coli and purified to homogeneity. GM-CSF has an established role as an in vitro regulator of granulocyte and macrophage colony formation. We have determined that rGM-CSF also has intrinsic activity as a megakaryocyte colony-stimulating factor and that rGM-CSF augments the effect of interleukin 3 (IL-3) on megakaryocyte colony formation. The dose-response curve for megakaryocyte colony induction with rGM-CSF showed plateau megakaryocyte stimulation at 9 ng/ml. When IL-3 (at a plateau dose for megakaryocyte colony induction) was added to rGM-CSF over a 0-22-ng/ml dose range, the resultant megakaryocyte colony stimulation approximated the sum of the levels of stimulation produced by either factor alone. These results establish GM-CSF as a multilineage growth factor with definite megakaryocyte colony-stimulating activity and indicate that both GM-CSF and IL-3 are important in the regulation of megakaryocytopoiesis.
Introduction
The development of culture techniques that are capable of supporting the growth of rodent and human megakaryocytes and the availability ofpurified and cloned hemopoietic growth factors has greatly enhanced the understanding ofmegakaryocytopoiesis.
According to the hypothesis originally suggested by Williams and colleagues (1, 2) , and subsequently substantiated by Long and colleagues (3) , two separate activities are required for the maximal production of recognizable megakaryocyte colonies, a promoter of clonal expansion (megakaryocyte colony-stimulating factor, CSF') and a promoter of maturation and differentiation ("potentiator"). Interleukin 3 (IL-3) has been shown to act as a murine megakaryocyte CSF (4) (5) (6) and recently, also shown to have activity as a promoter of megakaryocyte differentiation (7) . The potentiator has not yet been fully characterized but is found in mouse lung, bone, and peritoneal conditioned media as well as the macrophage cell line P388Dl conditioned media.
In vitro and biochemical studies suggest that the potentiator shares many properties with the in vivo thrombopoietic stimulatory factors (3, 8, 9) .
The existent data, however, are in conflict with regard to the potential role ofanother growth factor in megakaryocytopoiesis, granulocyte-macrophage CSF (GM-CSF). Williams and col- leagues suggested that this factor did not stimulate murine megakaryocyte colonies (2) . In contrast, we have previously demonstrated that partially purified GM-CSF (derived from concanavalin A [Con A] spleen conditioned media, SCM) had megakaryocyte colony-stimulating activity (4) . Furthermore, our data suggested that pokeweed mitogen SCM (PWM-SCM), containing high levels of GM-CSF, potentiated IL-3 stimulated megakaryocyte colony formation ofplateau levels ofIL-3. It was thus hypothesized that PWM-SCM contained another factor that enhanced megakaryocyte colony formation and this factor was probably GM-CSF. More (10) .
In this study, we examine the role of recombinant GM-CSF and purified IL-3 on murine megakaryocyte colony formation and establish rGM-CSF as an in vitro regulator ofmegakaryocytopoiesis and further demonstrate that rGM-CSF augments the effect of IL-3 on megakaryocyte colony formation. Clonal stem cell assays in McCoy's agar were carried out from 50,000
Methods
to 100,000 cells/ml and colonies were scored after 7 d ofculture. Culture plates were fixed in 10% formalin and whole agar slide preparations prepared as previously described (13) . These slide preparations were stained for acetylcholinesterase and counterstained with hematoxylin (14) . Megakaryocyte colonies containing three or more cells were scored. Duplicate plates for each dose level were repeated in four separate experiments. Statistics. Statistical evaluation was carried out using the Wilcoxon signed rank test (two tails) (15).
Endotoxin. A qualitative limulus lysate assay system (Whittaker MA Bioproducts, Walkersville, MD) was used to determine levels ofendotoxin in the rGM-CSF. Correlation between quantitative and qualitative assays has previously established that the qualitative assay can detect endotoxin levels of 0.01 ng/ml. Serial dilutions on the rGM-CSF were used to determine endotoxin levels. E. coli 055:B5 endotoxin (Difco Laboratories, Detroit, MI) was used for the endotoxin addition experiments.
Adherence depletion. Murine bone marrow cells at a concentration of 5 X 106/ml in 4 ml RPMI + 15% FCS were incubated in 100 mm polystyrene Coming 25020 tissue culture dishes for 90 min at 370C. The supernatant (nonadherent fraction) was then harvested with a Pasteur pipette. Control marrow was incubated in 50-ml centrifuge tube (Costar 3350, Costar Data Packaging, Cambridge, MA) for 90 min at 370C and samples were plated simultaneously.
Results
The dose-response curve for recombinant GM-CSF induction of megakaryocyte colonies is shown in Fig. 1 . Plateau megakaryocyte induction occurred at a rGM-CSF dose of 9 ng/ml that stimulated 22±1 colonies/105 cells plated. One-halfmaximal stimulation occurred at a concentration of2 ng/ml. Media control plates contained < 2 megakaryocyte colonies/105 cells plated.
To determine the effect of the combination of rGM-CSF and IL-3 on megakaryocyte colony formation, we determined the dose response for IL-3, alone, in two separate experiments. Plateau levels of megakaryocyte colony formation occurred at an IL-3 dose of 9 ng/ml (35±6 colonies/105 cells plated) with one-half maximal induction of0.5 ng/ml. (Media control plates contained < 2 colonies/O5 cells plated.) This one-half maximal induction level was within the range suggested by our previous data on IL-3 induction of megakaryocyte colony formation (0.14 to 0.76 ng/ml) (4). In four separate experiments, we added 9 ng/ml (plateau) IL-3 to rGM-CSF over the 0-22 ng/ml dose range used in the rGM-CSF alone induction experiments. The resultant megakaryocyte stimulation approximates the sum of the levels ofstimulation produced by either factor alone as shown in Fig. 1 (P = 0.01). In two similar reciprocal experiments, we found that plateau levels of rGM-CSF (9 ng/ml) added to IL-3 over a seven point (0.08-17 ng/ml) dose range also resulted in additive levels of megakaryocyte stimulation at all doses of IL-3 (P = 0.01).
Analysis of colony morphology for nonmegakaryocyte colonies 2 50 cells and megakaryocyte colonies 2 3 cells stimulated by rGM-CSF, IL-3, and the combination of both factors at plateau doses for megakaryocyte colony stimulation is shown in Table I . Media control contained low numbers ofpredominantly "monocytoid" colonies (cells with irregular nuclear outlines and low nuclear to cytoplasmic ratio). The differential counts ofcolony subtypes stimulated by GM-CSF, alone, showed 54.1% granulocyte, 22% macrophage, 12.1% mixed granulocyte/macrophage, and 11.4% pure and mixed megakaryocyte colonies. IL-3, alone, stimulated 61% granulocyte, 17% macrophage, 5% mixed granulocyte/macrophage, and 15% pure and mixed GM-CSF, 9 ng/ml 21±2 1±0.4 0 0 IL-3, 9 ng/ml 23±1 5±0.9 5±0.8 1±0.4 GM-CSF, 9 ng/ml + 39±3 11±1.4 6±1 3±1 IL-3, 9 ng/ml Results represent the mean (± SEM) for four separate experiments.
Growth factor doses were optimal (plateau) for megakaryocyte colony stimulation.
megakaryocyte colonies. The combination of IL-3 and GM-CSF stimulated 47% granulocyte, 21% macrophage, 9.2% mixed granulocyte/macrophage, and 20.9% pure and mixed megakaryocyte colonies. Each ofthe stimulated groups also produced small numbers of monocytoid colonies (< 2%). Although these differential counts suggest that the combination of GM-CSF and IL-3 stimulated greater total numbers of macrophage colonies per 10 cells plated than either factor alone, these differences were not significant at the P < 0.05 level.
More detailed analysis ofthe sizes ofthe megakaryocyte colonies stimulated by rGM-CSF, IL-3, and the combination of these two growth factors revealed that, unlike IL-3, rGM-CSF alone did not stimulate the formation of large megakaryocyte colonies containing > 40 cells. In fact, even at levels of rGM-CSF producing maximal numbers of megakaryocyte colonies, colonies which contain more than 10 cells were exceedingly rare (not greater than 1 colony/105 cells plated) as shown in Table  II . For IL-3, however, the stimulation of large colonies was a dose dependent phenomenon as shown in Table III from two separate experiments. Furthermore, even in cultures stimulated by the combination ofGM-CSF and IL-3, the formation oflarge magakaryocyte colonies (. 40 cells) was independent of the concentration of GM-CSF and showed a dose-dependent response to the concentration of IL-3 (data not shown). Since rGM-CSF contains detectable levels of endotoxin, we performed a series of experiments designed to evaluate the possibility that contaminating endotoxin was producing the megakaryocyte stimulation. A limulus lysate assay on the rGM-CSF suspended in urea at optimal doses for megakaryocyte colony formation (9 ng/ml) detected an endotoxin level of < 5 ng/ml.
The second preparation suspended in Tris HCl had endotoxin levels of . 0.14 ng/ml in the stock solution. In two separate experiments testing the effect of endotoxin on 100,000 murine bone marrow cells, endotoxin over a dose range of 10-3 ng/ml to 1 ,ug/ml did not stimulate any megakaryocyte colony formation. Similarly, the addition of optimal levels of IL-3 (9 ng/ ml) to endotoxin over the same endotoxin dose range showed no further stimulation of megakaryocyte colonies over the level of stimulation produced by IL-3 alone.
Finally, adherent cells have been implicated as accessory cells in megakaryocyte colony formation (16) . Two separate experiments revealed that the response to rGM-CSF was actually enhanced by adherence depletion. The results of a representative experiment are shown in Table IV . Preliminary data on more extensive depletions using adherence depletion followed by B cell depletion (panning with Ig) and finally T cell depletion (Lyt 1.2 complement lysis depletion) showed that even extensive depletion of macrophages, B and T cells did not abrogate the stimulation of megakaryocyte colonies by rGM-CSF.
Discussion
It is now clear that many hemopoietic growth factors overlap in their target cell line specificities. For example, in the macrophage lineage, synergy between IL-3 and CSF-l has been demonstrated (17) . Thus, it is not surprising that multifactoral regulation has been demonstrated for megakaryocytopoiesis. IL-3 has been well characterized as a potent megakaryocyte CSF (4) (5) (6) ). An, as yet, incompletely characterized megakaryocyte potentiator (differentiation factor) has been described that lacks megakaryocyte CSF activity by itself but synergizes with IL-3 to stimulate megakaryocyte colonies. The potentiator is believed to stimulate acetylcholinesterase incorporation and endomitosis and thus enhance megakaryocyte detection but not to stimulate cell proliferation (1, 8, 9) .
With regard to the role of erythropoietin in megakaryocytopoiesis, the data are contradictory. McLeod and co-workers (2) . In contrast, our previous data based on partially purified material from Con A spleen conditioned media suggested that GM-CSF had activity as a megakaryocyte stimulator (4). More recently, Metcalf and co-workers (10) have substantiated our earlier observations using both purified and recombinant GM-CSF demonstrating stimulation oflow numbers ofmegakaryocyte colonies by very high doses of GM-CSF on normal unseparated murine bone marrow. Our current data clearly establish GM-CSF as an in vitro regulator of megakaryocytopoiesis at 10-fold lower doses than those required in Metcalf's assay system. Plateau dose levels of 9 ng/ml rGM-CSF stimulated 22±1 megakaryocyte colonies (containing three or more cells) per 105 cells plated, which was 20 times the level of stimulation seen with media alone. Furthermore, our data demonstrating failure to abrogate the stimulation of megakaryocyte colonies by GM-CSF after adherence, T-and B-cell depletion of the target bone marrow suggests that GM-CSF has a direct effect on the CFU-megakaryocyte and does not act via an accessory cell population.
As a megakaryocyte CSF, GM-CSF is not as potent as IL-3. At plateau levels, GM-CSF induced -40% as many megakaryocyte colonies per 105 cells plated as IL-3. In addition, GM-CSF stimulated megakaryocyte colonies containing fewer total cells than IL-3 and, unlike IL-3, GM-CSF never stimulated colonies containing > 40 cells in our assay.
Previous work has suggested that endotoxin alone in concentrations of 1-10 ,ug/ml can stimulate megakaryocyte colony formation (16) . In two separate experiments, we found no stimulation of megakaryocyte colonies by endotoxin alone or in combination with IL-3. Thus, the megakaryocyte colony stimulation by GM-CSF cannot be attributed to the presence ofcontaminating endotoxin.
Further studies will be necessary to understand the mechanism of action and potential interaction of GM-CSF and IL-3 in megakaryocytopoiesis. Interestingly, the level of stimulation achieved by GM-CSF when added to IL-3 approximates the sum of the levels of stimulation produced by either factor alone at all dose levels. This additive result suggests that GM-CSF and IL-3 could be acting on two distinct populations of cells, or, alternatively, acting on the same population, a subset of which requires both regulators for megakaryocyte colony formation.
In conclusion, we have demonstrated that GM-CSF is a multilineage growth factor with definite megakaryocyte colony stimulating activity that likely acts directly on the megakaryocyte progenitor cell. Furthermore, GM-CSF augments megakaryocyte colony formation in the presence of IL-3 indicating that both regulators are important in the control of megakaryocytopoiesis.
